Abstract-Electromagnetic (EM) wave absorption characteristics for a Bonsai tree are investigated at GSM-900 band. Finite Difference in Time Domain (FDTD) method is hybridized with Friis transmission equation to carry out all the required EM simulations. The tree has been modelled using CT scan based 3D dataset considering different electrical parameters. Maximum local electric (E) field, magnetic (H) field, Specific Absorption Rate (SAR) and Shielding Effectiveness (SE) have been calculated for the tree placing at distance of 5 m away from a radiating Base Station Antenna (BSA) with 20 W input power. The maximum local E field, H field, 1-g SAR and SE obtained by the simulation are found to be 70.1 V/m, 0.09 A/m, 0.135 W/kg and 13.18 dB, respectively. Plants are found to be good natural electromagnetic radiation shield.
INTRODUCTION
The number of cell towers is increasing rapidly, and electromagnetic (EM) waves emitted from the Base Station Antennas (BSAs) may have adverse effects on human beings or on other living animals [1] [2] [3] [4] [5] . It has also been reported that continuous exposure to microwave radiation from cell phone towers causes serious health problems over the years [6] [7] [8] . Different radiation limits are proposed by reputed organizations such as IEEE, ICNIRP and FCC [9] [10] [11] to protect human beings.
Trees absorb carbon-di-oxide and produce oxygen during photo synthesis, and protect our environment. In this paper, EM absorption capability of a tree as another helpful role has been investigated. In this work, maximum local electric (E) field, magnetic (H) field, 1-g Specific Absorption Rate (SAR) and Shielding Effectiveness (SE) have been calculated by hybridizing Friis transmission equation with FDTD method. Various parameters have been studied inside a realistic 3D CT scan based tree model at GSM-900 band for 5 m distance (R) between BSA and the tree. Hybrid FDTD code is developed in-house using MATLAB software and it is capable of simulating non-uniform Yee cells [12] .
FORMULATION

Hybrid EM Simulator
The hybrid EM simulator is developed by combining Friis transmission equation with FDTD method. In this method, EM modelling of the simulating elements is prepared using FDTD method, and power calculation of the source required for the simulation is made by Friis transmission formula [13] :
where, P r = received power (W), P t = transmitted power (W), G t = gain of the transmitting antenna, A er = effective aperture of receiving antenna (m 2 ) and R = distance from the antenna (m). For distance more than the far-field distance in free space, electric field intensity (E) and magnetic field intensity (H) used for the local plane wave generator wall with effective aperture A er in the FDTD solution domain can be related with Poynting vector as [14, 15] :
where, η 0 = 120π Ω = 377 Ω. Thus, using Equations (1) and (2), the amplitude of the E field intensity, i.e., E 0 at a distance R from the antenna, can be calculated with the following relation:
Similarly, magnitude of H field intensity, i.e., H 0 , can also be calculated. In this study, E 0 and H 0 are used to construct a plane wave generating wall at a distance R from the source in a local FDTD solution domain using auxiliary one dimensional buffer. This buffer is also known as incident array and is described in available literature [16] . Solutions for E and H fields for a linearly-polarized plane wave travelling in the x direction are functions of only x and t and constrained to the y and z directions using following relations [14] :
where, f is frequency, λ the wave length, and wave number k = 2π/λ. Conventional FDTD method considers cubic Yee cells with ∆x = ∆y = ∆z as shown in Figure 1 (a). In this study, non-uniform FDTD (NU-FDTD) method is used to incorporate the tree model with nonuniform structural data. This technique uses brick-shaped modified Yee cell as shown in Figure 1 (b) and normally used to increase computational efficiency for non-symmetric structures, retaining all the advanced features of the conventional FDTD method [17] .
In this study, Yee cells of dimension: 2.34 mm × 1.71 mm × 4.00 mm has been used to calculate the E field and H filed. Solution for NU-FDTD method has been obtained using the follow steps [16] .
Step 1: Use the conventional FDTD method with basic cell size of ∆x = ∆y = ∆z = 1.71 mm.
Step 2: Modify the spatial derivatives in the x, y and z direction with the respective factors: where, ra x, ra y and ra z are modification factors in the x, y and z direction, respectively. Modified field components are obtained by the following equations:
where, D = εE is the electric flux density and ε is dielectric constant. To remove unwanted reflection from the boundary, 5-point Unsplit Step 3D Perfectly Matched Layer (PML) has been used as absorbing boundary condition (ABC) [18] .
SAR and SE Calculation Using FDTD
From the converged solution, SAR induced inside the Bonsai tree model is obtained using the following equation [19] [20] [21] [22] : (15) where, E x , E y and E z are the magnitudes of the E field components (V/m), and σ is the conductivity (S/m) of the (i, j, k)th FDTD cell.
Maximum local E field is obtained by finding the maximum value of E (k) at each layer of the whole tree model. Similarly, maximum local H field is obtained. But maximum local 1-g SAR is obtained by averaging the local maximum SAR values over 1-g tissue of the tree model. SE is defined as the ratio in dB of the field without and with the shield [23] :
where, E 0 = electric field without shield, E t = electric field with shield. In this study, the Bonsai tree acts as an EM shielding material.
BSA ANTENNA MODEL
A centre shorted suspended microstrip antenna has been optimized for 925 MHz, using commercially available CST Microwave Studio Once the high-gain antenna is optimized, a BSA is designed using four optimized antenna placing vertically, maintaining 10.0 mm spacing between the elements as shown in Figure 2 (b). The optimized antenna is fabricated for measurement and measured using Agilent ENA Series -E5071B (300 kHz-8.5 GHz) Network Analyzer [25] and the fabricated antenna is shown in Figure 3 .
Simulated and measured variations of S 11 with frequency for the antenna are shown in Figure 4 . Simulated S-parameter vs. frequency for the BSA is also included. At the fundamental mode, the antenna resonates at 925 MHz, and the value of S 11 remains below −10 dB within GSM-900 band. For the case of array, the minimum return-loss frequency shifts slightly to 916 MHz which is possibly due to the mutual coupling between individual elements. However, at 925 MHz the designed array is still found suitable for this study. Maximum gain vs. frequency plot for the antenna array obtained using CST Microwave Studio R is shown in Figure 5 . Maximum value of the gain is found to be 15.34 dBi near 950 MHz. At 925 MHz 14.02 dBi gain has been achieved. For this study 5 W of RF power has been applied to each element of this array to achieve total 20 W input power. The product P t G t is called Effective Isotropic Radiated Power (EIRP), and an isotropic radiator with an equivalent power equal to P t G t would produce the same flux density in all directions. EIRP is calculated by [26] : EIRP = 10 log 10 (P t × G t ) (dB) (17) In this study, value of EIRP of the BSA obtained using Equation (13) is approximately 27 dBW or 500 W at 925 MHz for P t = 20 W and gain G t = 14.02 dBi.
The distributions of E-field, H-field intensities and power density for distance up to 5 m have been computed by CST Microwave Studio 
BONSAI TREE SIMULATION MODEL
The tree model used in this study is obtained from 3D CT scan Bonsai dataset considering the electrical parameters of different internal structures of the living tree. The available tree model consists of 256 × 256 × 128 voxels having 0.585938 mm × 0.585938 mm × 1.0 mm voxel dimension [27] .
To simplify the numerical calculations, resolution has been reduced to 74 × 70 × 76 voxels with 2.34 mm × 1.71 mm × 4.00 mm dimensions. The tree model is assumed to comprise only two types of tissues, i.e., xylem and phloem. Values of relative dielectric constant (ε r ) and conductivity (σ) of tree tissues and soil at GSM-900 band are shown in Table 1 [28] [29] [30] . Geometry of the Bonsai tree along with BSA is shown in Figure 9 . After a distance in the order of tens of wavelengths, the field from most antennas behaves as a plane wave [16] . For that reason the simulation model as shown in Figure 9 is divided into two sub-domains namely domains 1 and 2 as shown in Figure 10 for the convenience of simulation. Domain 1 is used to compute the characteristics of resultant fictitious plane wave source of two Yee cells width. This plane wave source is actually a replacement of the radiating BSA placed at 5 m away from the tree, and its properties are calculated from Equation (1) considering transmitted power P t = 20 W.
And in domain 2, the fictitious plane wave is placed at a distance of r = 2.34 mm away from the tree. This simulation domain is slightly more modified as shown in Figure 11 to incorporate a far field power sensor dipole of 14.8 cm length. At 925 MHz, far-field distance for this dipole is 13.51 cm, and it is placed 14.04 cm away from the tree model to calculate SE.
It can be noted that a simulation model of 1.5 m × 1.5 m × 5 m requires approximately 7123 cubic cells of 54 mm length, if it is meshed by 6 cells per wavelength at 925 MHz. If the same simulation domain is meshed with cells of 2.34 mm × 1.71 mm × 4.00 mm dimension, then approximately 702880000 cells will be created. However, to achieve a very similar resolution, a smaller domain with only 693120 cells has been simulated in this study to avoid 1014 times higher computational complexity. From Figure 13 , it is seen that initially with the increase of h, maximum local E field decreases abruptly then attains a flattened peak, and after that, with further increase of h, maximum local E field increases rapidly. Peak value of maximum local E field is found to be 70.1 V/m, which is 2.2 times higher than the maximum E field obtained for free space at a distance 5 m away from the antenna as observed from Figure 6 . This increase in field intensity is possibly due to the nodes of fields generated from standing waves inside the dielectric cavity.
RESULT AND DISCUSSIONS
E-field
From Figure 14 , it can be observed that initially with the increase of h, maximum local H field increases rapidly then attains one consecutive sharp and flattened peaks, and with further increase of h, maximum local H field decreases quickly. Peak value of maximum local H field of 0.09 A/m is observed which fairly matches the maximum H field obtained for free space at a distance 5 m away from the antenna as observed from Figure 7 .
Maximum local 1-g SAR vs. h plot is shown in Figure 15 . Peak value of maximum local 1-g SAR is 0.135 W/kg. Fluctuation in SAR value ensures hot spots with high energy absorption [32, 33] .
Variation of SE with frequency due to the Bonsai tree is shown in Figure 16 . From the figure, it is seen that at 925 MHz value of SE is 13.18 dB.
CONCLUSION
Maximum local E field, H field and SAR induced inside a realistic tree model based on CT scan data have been studied for a Bonsai tree model consisting of two types of tissues exposed to a BSA at GSM-900 band using hybrid FDTD consisting of Friis transmission equation and FDTD method. This hybrid method drastically reduces the computational complexity.
A BSA consisting of four optimized suspended microstrip antennas placing vertically, maintaining 10.0 mm spacing between the elements has been designed, analyzed and incorporated in the simulation model for EM excitation. In order to investigate the behaviour of the EM field in the vicinity of the proposed BSA, the distributions of the E-field and H-field intensities have been computed.
The peak values of maximum local E field, H field and 1-g SAR obtained by the simulation are found to be 70.1 V/m, 0.09 A/m and 0.135 W/kg, respectively for 20 W input power. Variation of SE with frequency shows that the Bonsai tree acts as an EM shield with value of 13.18 dB at 925 MHz. Therefore, it can be concluded that plants provides good SE at GSM 900 band and can be used to reduce the effects of EM radiation on human beings.
